experience a benefit from the implanted defibrillator or may die of other cardiac or noncardiovascular causes despite device implantation. 6 The challenge of risk stratification in ICD candidates is that occurrence of death and electric device therapies are competing events, which adds statistical complexity. Competing risk models that provide information on both ICDdelivered therapies and death could provide a framework for conceptualizing the outcomes and potential benefits of prophylactic defibrillator implantation. The absence of clinical risk algorithms to guide decisions in potential ICD candidates may lead to insufficient opportunity for a personalized discussion of the potential for benefit from device implantation.
In this study, we report the primary findings from the Ontario ICD Database-a prospective, population-based study of patients referred for an ICD at all device implantation centers in the most populous province of Canada. In this registry, mandated by the single-payer of health services, we examined predictors of the competing risks of appropriate ICD shock versus death. The aim of this study was to develop a conceptualized model for identification of patients who simultaneously demonstrate reduced likelihood of ICD benefit because of low risk of an appropriate device shock and high risk of death-the bimodal survival and implantable defibrillator shock (BaSIS) risk model.
Methods

Patient Sample
We studied patients enrolled in the Ontario ICD Database, a prospective registry of patients evaluated for ICDs in Ontario, Canada, from February 2007 to March 2011, with last followup on May 14, 2012 . The design and methodology of the Ontario ICD Database have been described previously. 7 Briefly, all patients referred for evaluation in ICD clinics were enrolled into the registry with detailed clinical data collection at baseline, at the time of device implant, and at follow-up visits in defibrillator clinics. This registry was mandated by the Ontario Ministry of Health and Long-Term Care to collect data on patients ≥18 years of age evaluated for ICDs. As a prescribed entity under Ontario's health information privacy legislation, we were able to collect registry data without patient consent; therefore, all patients underwent data collection without participant bias. In this study, we analyzed patients with LVEF ≤35% who were ambulatory (nonhospitalized) and referred for a de novo primary prevention ICD. 1, 2 We excluded those with previous ventricular tachycardia (VT) or ventricular fibrillation, and those with inducible VT at electrophysiological study. Patients with paced rhythm were excluded to allow for measurement of the native QRS duration (QRSd) in all patients because of its previously recognized importance in risk stratification. 8 To ensure a homogeneous primary prevention cohort, we also excluded patients with specialized indications for ICDs, including hypertrophic cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy, long QT syndrome, Brugada syndrome, those treated with class 1C arrhythmic drugs, congenital heart disease, and infiltrative cardiomyopathies.
Data Sources
At each of the 10 ICD implantation sites in Ontario, data were collected by a trained research coordinator and electrophysiologist and entered into a real-time, password-and firewall-protected web database at the Institute for Clinical Evaluative Sciences over secure SSL-certified connections. These data included clinical characteristics, defibrillator implant-related data, and cardiac and noncardiac conditions. Occurrences of device therapies were identified at each defibrillator clinic follow-up visit and these data were entered at the 18 ICD follow-up sites in real-time into a secure, web-based database (Appendix I in the Data Supplement). Data quality was continually assessed by: (1) regular review and correspondence with study sites to ensure data accuracy, (2) automated notification of uncoded data, (3) logic and range checks, (4) independent physician review of appropriate therapy determination, and (5) random site audits for data reliability.
All-cause mortality was determined using the Registered Persons Database, and hospitalizations were identified via the Canadian Institute for Health Information Discharge Abstract Database using the International Classification of Diseases Tenth Revision (ICD-10-CA) coding system. Ethical approval was obtained from Sunnybrook Health Sciences Center.
Outcome Events
The coprimary outcomes were an appropriate shock delivered by the ICD for VT/ventricular fibrillation and the occurrence of death, which was treated as a competing event. ICD electrograms were examined on-site by an experienced cardiac electrophysiologist, and independently reviewed by ≤2 electrophysiology experts who were blinded to patient and provider information. Any discrepancies in the classification of appropriate shocks between the site and the first review panel electrophysiologist were arbitrated by a second reviewing electrophysiologist. The κ-statistic for agreement between the on-site electrophysiologist and external review panel was 0.928 for appropriate shock, as detailed previously. 9 Standardized programming was not mandatory, but strategies for strategically delayed programming were generally adopted after publication of the Primary Prevention Parameters Evaluation study results. 10 Deaths were determined at clinic visits and via linkages with the Registered Persons vital statistics database using the patient's unique, encrypted health card number. Vital status information was available for all study patients.
Predictor Variables
Two separate models were developed for predicting the outcomes of appropriate shock or death. Potential predictors for these models included demographics (age and sex), ventricular arrhythmia history (nonsustained VT, and syncope), disease pathogenesis (eg, ischemic versus cardiomyopathy versus other), coronary revascularization procedures (eg, percutaneous coronary intervention or coronary artery bypass graft surgery), previous heart failure (HF) hospitalizations, Canadian Cardiovascular Society angina class, New York Heart Association classification, pre-existing pacemaker system, and previous or current atrial fibrillation. We also examined the following noncardiac factors: diabetes mellitus, stroke or transient ischemic attack, cigarette smoking (current or past), peripheral vascular disease, chronic obstructive lung disease, cognitive impairment, and home oxygen use. We examined the use of cardiac medications (eg, β-adrenoreceptor antagonists, angiotensin-converting enzyme inhibitor, angiotensin receptor blocker [ARB], loop diuretic, digoxin, 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitor, and amiodarone), and laboratory investigations, including QRSd, LVEF, left ventricular end-systolic dimension, left atrial size, serum creatinine, serum sodium, hemoglobin concentration, body weight, and systolic blood pressure. We also examined the association of ICD type (cardiac resynchronization therapy defibrillator versus dual-chamber device versus single-chamber device) with competing risks of appropriate shock and death.
Statistical Analysis
We reported continuous variables using median (25th, 75th percentile) values, although categorical variables were reported as frequencies. Time-to-event outcomes were reported as events per 100 person-years follow-up. Because patients who die early are no longer at risk for an appropriate therapy or shock, our analyses were conducted using a competing risk framework. 11 Predictors were identified using the Fine-Gray subdistribution hazard model because our focus was on incidence and prognosis rather than on pathogenesis. 12 Univariate predictors significant at a P<0.25 level were considered for inclusion in the multivariable model. We performed stepwise modeling, retaining variables that were significant at P<0.05 or that were deemed a priori to be clinically important in the multivariable model. Continuous variables were examined using cubic spline analysis to determine the strength and shape of the association with appropriate shocks, and upper and lower thresholds were identified. Using the fitted competing risk regression models, age-standardized regression coefficientbased risk scores for each of the 2 outcomes were developed using an approach similar to that used in the Framingham Risk Score. 13 As performed previously, risk scores were corrected by shifting all scores upward or downward such that the final ICD shock and death scores had median values near zero.
14 As we have done previously, after initially stratifying subjects into risk score quintiles, the quintiles corresponding to highest risk of death and lowest probabilities of appropriate shock were further subdivided into deciles, while less-informative intermediate risk quintiles were aggregated.
14 The incidence of events was estimated in each risk stratum using cumulative incidence functions that accounted for the presence of the competing event.
For validation, we used a bootstrap-based method to correct for optimism in our estimates of incidence in each of the risk strata. To do so, we resampled with replacement, creating 100 bootstrap samples drawn from the original study cohort. In each of these 100 bootstrap samples, we repeated all modeling steps described above for deriving the initial model (including the univariate analyses, subsequent variable selection, and graphical examination of continuous variables for potential transformation and imposition of thresholds) to derive a new risk score and estimates of outcome incidence in each stratum. 15 Iteratively, a predictive model and corresponding pointbased scoring system was developed in each bootstrap sample and then divided into 10 risk strata using point score deciles. Using cumulative incidence functions, incident outcomes were determined in each risk stratum. We calculated the difference in incidence in a given risk stratum between the bootstrap sample and the overall cohort as an estimate of optimism (or bias), which was then averaged over the 100 bootstrap repetitions.
Analyses were performed using SAS version 9.3 (Cary, NC) and the R statistical programming language version X. The subdistribution hazard models were fit using the crr function in the cmprsk package for R. Two-sided P<0.05 were considered statistically significant.
Results
Patient Characteristics
Among 7020 referrals for primary prevention ICD with LVEF ≤35%, 1794 patients refused the device, whereas 717 primary prevention ICD patients were excluded because they were unlinkable to administrative databases, had missing data, or because native QRSd was unmeasurable ( Figure 1 ). There were no differences in age and sex between primary prevention patients in the included versus excluded study cohorts (Table I in 
Outcome Events
A total of 5918 person-years of follow-up were examined during which 292 deaths (4.9 deaths/100 person-years) occurred. Median follow-up was 2.0 (1.5, 2.0) years. Appropriate shock occurred in 204 patients (3.6 shocks/100 person-years). The proportion of patients surviving ≥30 days after appropriate shock was 98.5%, suggesting that an ICD shock was not associated with high absolute rate of short-term mortality. There were no losses to follow-up for mortality, and 2917 (84.7%) of the study cohort had follow-up in the defibrillator clinic at least 365 days after ICD implant.
Competing Risk Regression Models
Univariate predictors of appropriate shock are shown in Table II in the Data Supplement. Multivariable predictors of appropriate shock from the competing risk models (Table 2 ) included previously documented nonsustained VT, atrial fibrillation, higher serum creatinine, and the absolute difference of QRSd from a high risk value of 130 ms (ie, |QRSd=130|). The QRSd risk function was based on cubic spline analyses demonstrating that risk of appropriate shock was maximal at 130 ms and decreased with both shorter and longer QRSd values. Predictors of death competing with occurrence of ICD shock included lower systolic blood pressure, which demonstrated a plateau at values exceeding 130 mm Hg (Table 2) . ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BP, blood pressure; CCS, Canadian Cardiovascular Society; HF, heart failure; HMG-coA, 3-hydroxy-3-methylglutaryl-coenzyme A; LV, left ventricle; LVEF, left ventricular ejection fraction, NYHA, New York Heart Association; and VT, ventricular tachycardia., *Aspirin or clopidogrel.
Scoring System for ICD Outcomes
The ICD appropriate shock score is shown in Table 3 and the mortality score is shown in Table 4 . Among the 22 variables in the competing risk models, 17 (77.3%) were predictive of only 1 outcome-either shock or death. The ICD shock score was normally distributed with nearzero median value −0.08 (−3.66, 3.72). Similarly, the mortality score was normally distributed with median 0.11 (−2.80, 3.33).
Outcomes by Shock, Therapy, and Death Scores
Cumulative incidence of appropriate shock at 1 year postimplantation was 0.9% in the lowest (decile 1), 1.7% in low, 2.5% in intermediate, 4 .9% in high, and 9.3% in the highest risk groups (Figure 2 ). The cumulative incidence of death at 1 year was 0.6% in the lowest, 1.9% in low, 3.3% in intermediate, 6.2% in high, and 17.7% in the highest (decile 10) risk groups at 1-year follow-up ( Figure 3 ). There was a graded increase in risk with higher score categories, with an adjusted hazard of appropriate shock that was 7.8-fold and mortality risks that were 36-fold higher in the highest risk decile versus the first decile (Tables 5 and 6 ). In the validation analysis, the score-predicted risks of appropriate shock and death in each decile were comparable with bootstrap-corrected estimates confirming that the model was not overoptimistic (Tables 5  and 6 ). ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CABG, coronary artery bypass grafting; CI, confidence interval; HF, heart failure; HR, hazard ratio; NYHA, New York Heart Association; PCI, percutaneous coronary intervention; QRSd, QRS duration; and VT, ventricular tachycardia.
*Factors that are predictive of both appropriate shock and death with different directionality of effect. †Factors that are predictive of both appropriate shock and death with similar directionality of effect. ‡To convert creatinine into SI units (μmol/L), multiply value in mg/dL by 88.4. September 2015
CRT-D Subanalysis
Although ICD device type was not a significant predictor of the competing risks of appropriate shock or death, we tested for all 1-way interactions with CRT-D device type. There were no significant interactions between CRT-D with any of the predictors of mortality. For the competing risk of appropriate shock, none of the variables interacted with CRT-D except serum creatinine (P interaction=0.011). Inclusion of CRT-D and CRT-D×creatinine interaction terms into the model reduced the cumulative incidence of appropriate shock in the lowest risk decile to 0.6%, and increased the cumulative incidence of death marginally in the highest mortality decile to 18.1% at 1 year.
Bimodal Risk Scores
A scatterplot of predicted risk scores for estimation of cumulative incidence of appropriate shock (x axis) versus death (y axis) at 1-year follow-up is shown in Figure 4 . The vertical dashed line demarcates the lowest decile of shock scores to the left of the line, whereas the horizontal dashed line identifies the highest decile of mortality scores above. Patients were divided into 4 groups: (1) quadrant I, lowest risk of appropriate shock and highest risk of death (blue diamonds); (2) quadrant II, lowest risk of appropriate shock (red squares); (3) quadrant III, increased risk of both death and appropriate shock (green triangles); and (4) quadrant IV, all remaining patients with high potential to benefit from primary prevention Pre-existing pacemaker system 3
Any cancer 2
Hemoglobin <12 g/dL 2
Creatinine, mg/dL* 0.01×Creatinine×88.4
Sum total Mortality Score ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CVD, cardiovascular disease; HF, heart failure; NYHA, New York Heart Association; and SBP, systolic blood pressure.
*For creatinine in SI units, creatinine score=0.01×creatinine (in μmol/L).
ICD. Compared with the 2847 (82.6%) patients in quadrant IV (high benefit), the 86 (2.5%) patients in quadrant I (lowest benefit) exhibited features consistent with worse HF status. They were more often in New York Heart Association class III to IV (29.0 versus 67.4%), previously hospitalized for HF (33.1 versus 81.4%), and more often on loop diuretics (62.2 versus 89.5%) than the high benefit group (all P<0.001).
Discussion
The rise of ICD implant rates has generated numerous considerations for healthcare providers and policy makers because they grapple with translation of evidence from clinical trials to the population. Risk stratification methods may allow treatment recommendations to be customized according to patient characteristics. The need for risk stratification methods for primary prevention ICDs was the impetus for the array of cardiac imaging and electrodiagnostic modalities, which were proposed even before the development of clinical risk models. Consequently, novel cardiac imaging and electrophysiological techniques for sudden death risk stratification have not been compared with multivariate clinical risk models. 16, 17 In the absence of an adequate risk stratification method, patients who are at lower risk of arrhythmia and greater risk of nonarrhythmic death may be implanted, with the potential for reduced benefit resulting from mismatch between risk and treatment.
In this population-based prospective study of ICD recipients, we used a competing risk framework to derive an exemplar for simultaneous prediction of low incidence of defibrillator shock and high risk of death. We used competing risk methodology to construct this conceptualized model because patients who survive longer remain at risk for an appropriate ICD shock, whereas those who die are no longer at risk for an arrhythmic event. Factors that conferred increased risk of appropriate shock included a history of nonsustained VT, atrial fibrillation, pacemaker system in situ, and higher creatinine concentration. Patients taking amiodarone were at decreased risk while those requiring digoxin were at increased risk of an appropriate shock. Interestingly, values of QRSd near 130 ms exhibited the highest risk of appropriate shock, and shorter or longer values from this peak demonstrated lower hazards. The covariates included in the risk model have been identified as potential predictors of sudden cardiac death or appropriate device shock for isolated outcomes, 9, [18] [19] [20] [21] confirming the importance of these variables. However, previous studies were unable to risk stratify patients with low potential benefit from an ICD using a competing risks analytic framework, and have not developed a method to simultaneously predict the risk of both defibrillator shocks and death.
Previous studies examined only the isolated outcome of death among ICD candidates, and the risk factors overlap with the known prognostic factors for HF death. [22] [23] [24] The occurrence of and number of previous HF hospitalizations, and worse New York Heart Association class have been associated with higher mortality. 23, 25, 26 Furthermore, other prognostic factors, such as renal dysfunction, diabetes mellitus, not taking an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker, and with lower systolic blood pressure or serum sodium concentration have been associated with higher mortality risk. 23, 25 Among the mortality predictors, a notable indicator of increased risk was ischemic heart disease, 27 whereas those who were revascularized exhibited reduced mortality risk. The above factors, in conjunction with the noncardiac predictors of mortality reflect greater comorbidity burden and associated higher levels of frailty that often coexist with older age. 28 Although it is important to know that the mortality of ICD candidates will be high, it is only one component of the decision-making process because some patients will not experience therapeutic intervention from the device. Few published studies have described clinical approaches to risk stratification with the intent to identify patients who are more or less likely to benefit from ICD implantation. The Multicenter Automatic Defibrillator Implantation Trial (MADIT-2) risk score was designed as a simple method to predict ICD benefit, and a biphasic pattern of ICD benefit was reported. 29 It is interesting, however, that among the 5 predictive factors in the MADIT-2 risk score, 2 variables (ie, atrial fibrillation and QRSd) were predictors of appropriate shock, whereas other characteristics (ie, New York Heart Association class and older age) were associated with death in our competing risk analysis. The intermixing of these variables, which were differently associated with death or appropriate shock, may partly explain the biphasic pattern in the MADIT-2 risk score. It is interesting to note that low hemoglobin and smoking were associated with higher mortality but lower likelihood of appropriate shock, possibly indicating that the increased risk of death with these factors was not mediated by ventricular arrhythmia. The Seattle Heart Failure Model was extended to estimate mean survival among advanced HF patients with versus without a defibrillator implanted, however, appropriate ICD therapy was not examined as an outcome. 30 Concomitant knowledge of the risk of appropriate shocks and death may inform risk stratification, by dividing patients into 4 competing risk groups with differing potential ICD benefit. There may be a continuum of benefit from a prophylactic ICD, being lowest in quadrant I, low in quadrant II, high in quadrant III, and of highest benefit in quadrant IV with highest probability of appropriate ICD shock and lowest mortality (Figure 4 ). There are several potential applications of a clinical risk algorithm for primary prevention ICD candidacy. The decision to implant an ICD must be considered carefully because it commits the patient to an invasive treatment strategy, which includes repeat device-related procedures, potential complications, and reduced quality of life from shock-related pain. 31, 32 Cardiac specialists could use decision support algorithms before electrophysiology referral to enable more informed, shared decisions about potential risk-benefit tradeoffs from ICD implantation. In our conceptual model, patients who are at low risk of appropriate shock and high risk of death (quadrant I, Figure 4 ), could engage in discussions with their caregivers to potentially obviate ICD implantation. 33 Among those who are at low risk for an appropriate shock, but not at high risk of death (quadrant II), there may be an opportunity for shared decision making to optimize medical therapy, reassess the degree of LVEF recovery, and re-evaluate the decision to implant an ICD at a subsequent annual visit. Finally, risk models could provide a clinical comparator for determining the incremental prognostic value or net reclassification improvement of electrophysiological tests and advanced imaging modalities (eg, cardiac magnetic resonance imaging), which have been proposed for risk stratification of ICD candidates.
There are some notable limitations of our study. First, the predictive model was not used to decide on implantation of the ICD. However, independence of the decision to implant an ICD from a predictive model is required to obtain unbiased estimates of effect to better reflect the broad patient cohort in whom the decision algorithm may be applied. Second, our model was not validated in an independent external data set or using a split-sample approach. We validated our model internally using bootstrap resampling, which has been demonstrated to be superior to traditional split-sample derivation-validation, provides greater certainty of model performance, and results in estimates with lower mean squared error that those obtained using split-sample validation. 34 At the current time, without external validation, BaSIS cannot be actioned into policy change, but it does provide a method by which several important predictors can be combined to conceptualize the potential benefits of ICD implantation. The gains in life expectancy from assigning patients to an ICD cannot be determined from the BaSIS risk score because the study did not randomly assign treatment intervention. The BaSIS model was derived in ambulatory patients in Canada, and generalizability to those in other jurisdictions and those hospitalized in the acute care setting is unknown. These limitations were outweighed by the unique strengths of our study, including its prospective design, completeness and careful ascertainment of device outcomes, and its population-based nature where all patients were recruited without the need to obtain informed consent and the attendant risks of selection bias.
In an exploration of patients with left ventricular systolic dysfunction, we found that the risks of appropriate ICD shock and mortality can be determined simultaneously using clinical variables alone. The competing events framework allows for a conceptual model of dual risk stratification, which could potentially assist shared decisions to defer or not implant an ICD when the anticipated benefits of prophylactic defibrillator implantation are low. The BaSIS risk scores also provide a potential clinical comparator for examining the incremental prognostic value of advanced cardiac imaging or electrophysiological procedures for risk stratification.
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The . Depiction of conceptual model of predicted risks of appropriate shock vs death using quadrants; number of patients in quadrants I (n=86), II (n=262), III (n=250), and IV (2847). ICD indicates implantable cardioverter defibrillator.
